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ABSTRACT 
Harvesting corn (Zea mays L.) residue for use as a biofuel feedstock may alter important 
chemical and physical properties of soils. Coupled with the common management practices of 
nitrogen fertilizer application and tillage, this practice could lower soil organic carbon (SOC), as 
well as increase erodible sediments and soil compaction. A study was initiated in the 2006 
growing season that included combinations of three levels of residue removal (none, partial, or 
full removal), two tillage treatments (no-till or chisel plow), and four nitrogen application rates 
(67 to 268 kg ha-1). These experiments were established in continuous corn (CC) at four Illinois 
sites, with treatments remaining in the same plots each year. After 7 growing seasons, plots with 
no residue removal at Monmouth had 37.3 g SOC kg-1 in the top 10 cm, while plots with full 
residue removal had 34.7 g SOC kg-1. At Perry and DeKalb, no-till plots with no residue removal 
had higher levels of SOC than no-till plots with residue removed. Perry no-till plots had 23.3 g 
SOC kg-1 with no residue removed and 19.8 g SOC kg-1 with all residue removed; DeKalb no-till 
plots had 45.7 g SOC kg-1 with no residue removed and 38.1 g SOC kg-1 with all residue 
removed. In the first 10 cm, no-till soils at Perry and Monmouth had significantly more SOC 
than tilled soils (22.6 vs. 20.5 g SOC kg-1 at Perry; 36.7 vs. 35.1 g SOC kg-1 at Monmouth). 
Tillage also had a significant effect on bulk density (ρb) at all four sites, with tilled soils having a 
lower mean ρb at 0-10 cm than no-till soils by 0.09 – 0.13 g cm-3. Penetration resistance (PR) was 
similarly affected, with tilled soils having a lower PR than no-till soils by 301 – 610 kPa. Soil pH 
decreased in the top 10 cm with higher rates of N application at all four sites. Perry soils showed 
the largest decrease in pH; soils with 67 kg N ha-1 applied had a pH of 5.49, while soils with 268 
kg N ha-1 applied had a pH of 4.72. Water aggregate stability (WAS) was only significantly 
impacted at Urbana, where no-till plots had 84% WAS while tilled plots had 81% WAS. 
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Compared to soils with 134 kg N ha-1 applied, soils with 268 kg N ha-1 applied the previous year 
had higher ammonium (NH4
+) levels at two sites and higher nitrate (NO3
-) levels at three sites. 
The practices of residue removal and tillage may decrease SOC; soils under residue removal and 
tillage had lower SOC than residue cover and no-till at several sites. However, from this study’s 
results, the magnitude of the differences in SOC stocks is relatively small and most likely has not 
materially impacted the productivity of the soil. Future study will clarify whether the relative 
differences in SOC between residue and tillage management become more significant over time. 
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INTRODUCTION 
With growing interest in biofuel alternatives to petroleum, corn stover has become a 
leading candidate feedstock for lignocellulosic ethanol production. The United States 
Department of Energy (DOE) considers stover—the above-ground stalks, leaves, and vegetative 
residues that remain after grain harvest—a feasible option because of its wide availability and 
low cost (Perlack et al., 2011). In the United States, farmers planted 95.4 million acres with corn 
in 2013; economic estimates of annual harvestable stover range from 58.3 million to 100 million 
metric tons (USDA-NASS 2013a; Graham et al., 2007; Gallagher et al., 2012). As a proof of 
concept, several pilot lignocellulosic ethanol refineries have launched in the Midwest with corn 
stover as the sole feedstock (AEC 2012). The scale of stover harvest could increase in the near 
future as refineries attempt to meet federal mandates for production; by 2022, the Energy 
Independence and Security Act (2007) expects annual production of cellulosic ethanol to reach 
61 billion liters. Most recently, the 2014 Farm Bill authorized the Biomass Crop Assistance 
Program to provide financial incentives for residue harvest (Agricultural Act of 2014).  
From a farmer’s standpoint, the commercial use of stover may be a welcome 
development. In addition to the supplementary income from the sale of baled stover, farmers 
may also see reduced incidence of corn diseases and better seed germination in fields where corn 
residue is removed. Pathogens that cause stalk rot and leaf blights overwinter on corn refuse, so 
clearing a field of residue can help reduce the incidence of disease the following season (White 
1999). Corn residue may also have an autotoxic effect on seedlings that slows development 
(Yakle and Cruse 1983). Furthermore, cooler soil temperatures persist in the spring for longer 
periods of time under residue cover, and there is evidence that corn seedlings undergo faster 
growth in soils with no residue cover (Swan et al., 1987). 
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Despite the agronomic benefits of removing residue, the long-term sustainability of 
stover harvest is unclear. By reducing the organic (carbon-containing) inputs that the soil 
receives, removing residue could alter soil organic carbon (SOC). High SOC is one of the 
primary reasons that the soils of the Corn Belt support larger yields compared to the more 
weathered soils of the temperate United States (USDA-NRCS 1999; USDA-NASS 2013b). A 
decrease in SOC, if substantial, would threaten the productivity of Corn Belt soils. SOC is 
associated with a number of soil properties that support plant growth: lower bulk density (Post et 
al., 2001), increased water-stable aggregates (Tisdall and Oades 1982) and water-holding 
capacity (Salter and Williams 1969), as well as critical chemical properties like higher cation 
exchange capacity and stronger buffering capacity (Tisdall et al., 1986). Common management 
practices, like tillage and nitrogen fertilizer applications, could counteract or compound any 
effect that residue removal introduces.  
Numerous studies have examined rates of residue removal under various tillage regimens 
and fertilizer applications. Clapp et al. (2000) reported that after 13 years of continuous corn, 
SOC remained unchanged under stover harvest in no-till plots, but SOC increased by 14% when 
stover was returned to no-till plots. Using the natural abundance of the 13C isotope, the 
researchers also tracked the half-life of relic SOC under different treatment combinations. The 
average half-life of relic SOC was 122 years in plots where stover remained and high N 
application rates (200 kg N ha-1) were applied, while the relic SOC of plots under stover harvest 
and no N applied had a half-life of 71 years. An even lower half-life of relic SOC—49 years—
was observed under stover harvest and the 200 kg N ha-1 rate. In contrast to the findings of Clapp 
et al., several studies found that N fertilizers and stover harvest had no effect on SOC within the 
same tillage treatment (Reicosky et al., 2002; Wilts et al., 2004; Hooker et al., 2005). However, 
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between tillage treatments, no-till plots showed an increase of 48.3 ± 9.9 g SOC m-2 yr-1 when 
residue was returned compared to plots under a moldboard/disk plow treatment (Hooker et al., 
2005).  
The sometimes conflicting results of studies on residue removal can be attributed in part 
to the incredibly complex reactions of SOC formation and decay. A definitive model of SOC 
gain and loss has eluded researchers, as the oxidative rate of SOC is influenced by the 
interactions of organic inputs, soil texture, temperature, clay aggregates, and available N (Plante 
and Parton 2007). Models like CENTURY or ROTHAMSTED can simulate SOC trends using 
site-specific data like precipitation and total soil N, but all models approximate or simplify 
conditions to some degree (Plante and Parton 2007). Laboratory incubations of soil and corn 
residue indicated that SOC was oxidized to CO2 at a rate of 0.54-0.80 Mg C ha
-1 over 120 days 
(Kochsiek et al., 2012). Importantly, the researchers chopped residue into uniform segments and 
incorporated the residue throughout the sample to increase the surface area exposed to the soil, 
making it unlikely that this oxidation rate can be extrapolated to the environmental conditions of 
farmland. A recent geospatial model of the Corn Belt by Liska et al. (2014) estimated that 
residue removal would result in an average loss of 0.47-0.66 Mg C ha-1 yr-1 over a period of 5 to 
10 years. However, the accuracy of the model was only tested against one long-term experiment 
in eastern Nebraska. 
Tillage could increase the rate of stover decomposition by mechanically breaking down 
residues and increasing the surface area of residue that is exposed to soil microbes. With a 
quicker rate of decomposition, tilled-in residue could contribute earlier to the SOC pool than 
residue in a no-till plot. However, tillage could also disrupt soil macroaggregates that protect 
relic SOC and increase the loss of relic SOC (Hammerbeck et al., 2012). There is evidence of the 
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latter trend. The conversion of virgin land to farmland results in the loss of 50% of the original 
SOC during the first 25 years of cultivation in temperate climates and within the first 5 years in 
tropical climates (Matson et al., 1997). However, after the initial conversion to farmland, SOC 
stocks may reach a new equilibrium and resist further decline (Plante and Parton 2007). Several 
studies support this theory, with tillage having no effect on SOC storage, only on the distribution 
of SOC in the soil profile (Yang and Wander 1999; Dolan et al., 2006; Blanco-Canqui and Lal 
2008). In a 23-year study in Minnesota, the surface 0-20 cm of soils under no-tillage had 30% 
more SOC than soils under moldboard plow; at 20-25 cm in depth, soils under moldboard plow 
had 50% more SOC (Dolan et al., 2006).  
Fertilizer N could affect SOC in two ways: 1) by increasing plant growth, the overall 
biomass returned to the soil is greater, and 2) by providing the substrate needed for 
microorganisms to consume material with high C/N components. With a C/N ratio of 31 in its 
leaves and 78 in its stalks, corn residue is a recalcitrant residue that does not decompose rapidly 
(Johnson et al., 2007). The high C/N ratio of stover requires fungi and bacteria to immobilize soil 
N during their metabolism. Like tillage, higher rates of N fertilizers have been shown to 
stimulate higher turnover rates of stover in the soil, which could then contribute to the SOC pool 
(Gregorich et al., 1996). Several studies have reported higher SOC in continuous corn with N 
application rates ranging from 120 kg N ha-1 to 280 kg N ha-1 (Varvel 1994; Studdert and 
Echeverria, 2000; Liebig et al., 2002; Jagadamma et al., 2008). Compared against the SOC level 
measured before a 13-year experiment was initiated, SOC did not decrease only under both N 
fertilization and stover return (Allmaras et al., 2004). There is some disagreement over the role 
of N fertilizers in SOC storage, as other researchers have posited that high concentrations of N 
could enable microorganisms to more readily consume relic SOC (Mulvaney et al., 2009).  
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While SOC is a primary concern of residue management, there are other important 
chemical and physical properties that must also be considered in order to fully evaluate the 
sustainability of stover harvest. Bulk density (ρb) is a relatively simple property—the dry mass of 
soil per a given volume—that can have far-reaching implications for plant growth. If bulk 
density is too high, root growth will be restricted and water- or nutrient-uptake will become the 
rate-limiting factor in plant growth (Jones 1983). Some researchers have reported no effect of 
tillage on ρb (Huggins et al., 2007; Coulter et al., 2009), while others have found that ρb is highest 
under no-till (Cassel et al., 1995; Wander and Bollero, 1999). Observing lower ρb under higher 
nitrogen fertilizer rates, Jagadamma et al. (2008) suggested that by inducing greater biomass 
production, which in turn increases the porosity of the soil in the root zone, N fertilizers may 
indirectly contribute to lowering ρb. Penetration resistance (PR) is a related measurement of soil 
compaction, using an instrument that mimics the pressure that roots must exert to move through 
soil at a given depth. Wander and Bollero (1999) observed that PR was significantly higher 
under no-till systems compared to conventional-till systems. Seminal root growth of maize 
seedlings in soil with a PR of 200 kPa had 23% less root length than those of seedlings grown in 
soil where the PR was lower (Panayiotopoulos et al., 1994). 
Before stover was considered for biofuels, management considerations for corn stover 
primarily revolved around conservation-tillage and efforts to manage erodible sediments. In 
order to control erosion, the suggested amount of residue that can be safely removed has ranged 
from 20% (Nelson 2002) to 30% (Lindstrom 1986; McAloon et al., 2000) of the total residue 
cover. While these recommendations are primarily concerned with the physical dislocation of 
soil through wind and water erosion, stover harvest may also adversely affect the physical 
integrity of aggregates. A key determinant of erodible sediments is water-aggregate stability 
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(WAS) (Barthes and Roose, 2002), which is the ability of soil aggregates to retain their structure 
under repeated wetting and drying (Kemper and Rosenau 1986). If a soil has poor WAS, then 
pore space will be blocked with dispersed particulates, the surface may be slaked and compacted, 
and soil aeration will be poor (Kemper and Rosenau 1986). In fields where a quarter or more of 
stover was removed, soil macroaggregates were reduced by 40% (Blanco-Canqui and Lal 2009). 
In a no-till system, aggregation was significantly less stable under stover harvest than under 
stover return (Moebius-Clune et al., 2008). Since particulate soil organic matter is likely formed 
in macroaggregates (Oades 1984), a decrease in aggregate stability or SOC will likely be paired 
with a decline in the other (Hammerbeck et al., 2012).  
Plant-available nitrogen shares a similar relationship with SOC. Soil organic matter has 
approximately 5% N, held in various organic compounds (Fernandez et al., 2005), and more N is 
mineralized to plant-available forms—ammonium (NH4+) and nitrate (NO3-)—in soils with 
higher soil organic matter (Stanford and Smith 1972). Therefore, any decrease of SOC under a 
treatment should be followed by a decrease in soil NH4
+ and NO3
-. Several studies have reported 
a decrease in soil levels of NH4
+ and NO3
- under residue removal, but only at the surface 5 to 10 
cm (Dolan et al., 2006; Blanco-Canqui and Lal 2009). Similarly, researchers found that no-till 
soils had higher concentrations of N than tilled soils, but only within the first 10 cm (Dick 1983; 
Doran 1987; Puget and Lal 2005). While higher application rates of nitrogen will lead to higher 
levels of soil N during the growing season, the effect of fertilizers on the concentration of 
inorganic nitrogen in the following spring is less obvious. While NH4
+ will bind to cation 
exchange sites and remain in the soil, soil microbes rapidly convert NH4
+ to NO3
-, which as an 
anion, cannot adsorb to clay minerals and instead freely moves with water down the soil profile 
(Fernandez et al., 2005). Therefore, over the fall and winter months, precipitation generally 
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decreases the amount of nitrate in the soil (Jokela and Randall 1989). Despite the loss through 
leaching, there has been evidence that links higher N applications to greater concentrations of 
soil N the following year (Russell et al., 2006; Jagadamma et al., 2008). 
To date, there are no published data from a long-term stover removal experiment from 
Illinois. If industry demand for stover encourages the practice of residue removal, corn producers 
will likely contribute a significant portion of stover supply. Based on Illinois corn grain 
production for 2013, and assuming a harvest index of 0.50, the state produced 53.3 Tg corn 
stover; USDA economists identified east-central Illinois as one of the most important stover-
producing regions in the nation (USDA-NASS 2014; Gallagher and Baumes 2012). With Illinois 
contributing nearly 16% of the U.S. corn grain harvest (USDA-NASS 2013c), any changes in 
residue management by the state’s farmers will involve a significant portion of the nation’s most 
productive farmland. The objective of this study was to determine the effects of residue removal 
in combination with tillage and N rate on SOC, ρb, PR, pH, WAS, and soil NH4+ and NO3-. 
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MATERIALS AND METHODS 
Site Descriptions 
The study was established in the fall of 2005 at four University of Illinois research 
centers near Urbana (40°6´ N, 88°12´ W), Perry (39°46´ N, 90°44´ W), Monmouth (40°54´ N, 
90°38´ W), and DeKalb (41°55´ N, 88°45´ W). The study’s plots were on Flanagan silt loam 
(fine, smectitic, mesic Aquic Argiudolls) at Urbana and DeKalb, Clarksdale silt loam (fine, 
smectitic, mesic Udollic Endoaqualfs) at Perry, and Muscatune silt loam (fine-silty, mixed, 
superactive, mesic Aquic Argiudolls) at Monmouth. All three soil series are deep, somewhat 
poorly drained soils that formed in loess (Soil Survey Staff, 2011).  
Experimental Design 
The experiment was laid out as a randomized complete block design, using a split-split 
plot arrangement with four replications. To main plots were assigned one of three residue 
removal treatments (full, partial, or no removal). The sub-plots had one of two tillage treatments 
(no-till or chisel-plowed). The sub-sub-plots had one of four nitrogen rate applications (67, 134, 
201, or 268 kg N ha-1). Each sub-sub-plot had 8 corn rows and an area of 6.1 m in width and 8.1 
to 13.1 m in length, depending on the site. Each treatment combination remained in the same plot 
each year. 
Residue removal and tillage treatments began in the fall of 2005 and nitrogen fertilization 
was initiated in the following spring. Under full removal of residue, the stover was chopped with 
a rotary mower to a height of 5 cm; the residue was then raked into windrows and baled. Under 
partial removal of residue, windrows were created at half the size of windrows in the full residue 
treatment. Stover was first raked at a height of 7 cm, then the remaining residue was chopped 
with the rotary mower at 5 cm. Under no removal, residue was chopped with the rotary mower to 
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a height of 5 cm. Plots under the chisel-plow treatment were tilled to a depth of 25 cm in the fall 
and cultivated to a depth of 9 cm in the spring. Corn was planted at a rate of 81,500 seeds ha -1, 
with no-till corn planted 15 cm to the side of the previous year’s rows.  The 28% urea-
ammonium nitrate (UAN) solution was side-dressed at the V3 stage of corn development 
(Nafziger 2005). All plots were sprayed with pre- and post-emergence herbicides as needed.  
Soil Sampling and Lab Procedures 
There were three soil samplings: April 2013, June 2013, and May 2014. The first stage 
included the 48 plots that had 134 or 268 kg N ha-1 and soil sampling was conducted before that 
year’s N application. For each plot, three samples were taken to a depth of 10 cm and placed into 
plastic bags; to avoid a rapid increase in soil respiration, the bags were placed in coolers until 
transported to the lab. These samples were used in nitrate-ammonium analysis. The second 
sampling included all 96 plots and these samples were used in later loss-on-ignition (LOI), pH, 
and WAS measurements. Three soil cores 1.9 cm in diameter were taken from each plot with a 
hand-held sampler. Each core was cut in the field at depths of 0-10 cm and 10-20 cm, then 
placed in plastic bags and stored in coolers. The third sampling was for the physical soil 
properties of bulk density and penetration resistance; these included only those sub-subplots with 
134 or 268 kg N ha-1. Two samples were taken in the center row to depths of 0-10 cm and 10-20 
cm with slide-hammer soil probes. A FieldScout penetrometer was used to record penetration 
resistance, or the pounds per square inch (PSI) required to drive a probe through the soil profile 
(Spectrum Technologies). In each plot sampled, three penetrometer measurements were taken to 
a depth of 25 cm. For final analysis, the PSI readings were converted to kilopascals (kPa).  
For the April 2013 samples, nitrate and ammonium were isolated from field-moist soil 
using a potassium-chloride extraction; the levels of each were then determined by flow injection 
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(Lachat Quickchem Analyzer, Lachat Instruments, Loveland, CO). Samples taken in June 2013 
were air-dried and sieved through a tier of 2-mm and 1-mm meshes. Particles that were in 1- to-
2-mm fraction were used for water aggregate stability, following the wet sieving procedure of 
Kemper and Rosenau (1986). Particles smaller than 1-mm were used in the procedures for soil 
pH and loss-on-ignition (Soil and Plant Analysis Council 1992). Soil pH was determined by 
suspending soil in deionized, distilled water in a 1:1 soil:water solution. For loss-on-ignition, the 
weight of each soil sample was recorded, then oven-dried at 105°C for 24 hours. After the weight 
of each oven-dried sample was recorded, the oven-dried samples were then placed in a muffle 
furnace for 4 hours at 450°C. Under these conditions, all organic matter should ignite and be 
released as CO2, while inorganic C and aluminosilicate minerals will remain in their solid phase. 
For each run, 5 g of sucrose and 1 g of calcium carbonate (CaCO3) were included as standards; 
by the end of each run, all sucrose should combust while all CaCO3 should remain in its solid 
phase. If any sucrose remained or any CaCO3 ignited, the results were not used and the trial was 
run again. At the end of each run, the ash weight of each soil sample was recorded. Percentage of 
soil organic matter (SOM) was calculated as:  
%OM = [(W105 – W450) x 100]/W105 
Where: W105 is the oven-dried soil weight; W450 is the ash weight 
The percentage of soil organic matter was then converted into percentage of SOC using the van 
Bemmelen factor, which assumes that 58% of SOM is SOC (Howard and Howard 1990): 
 %SOC = %OM/1.724 
 Soil cores collected during the 2014 sampling were weighed at their original field-
moisture content.  Bulk density and moisture content were determined following the procedure 
of Blake and Hartge (1986).  
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Statistical Analysis 
 Linear model analysis was conducted in SAS software, using the “proc mixed” feature 
(SAS Institute Inc., 2013). Location was not included in the linear model; instead, the treatment 
effects were analyzed separately for each site. For analysis of penetration resistance, the 
gravimetric water content recorded at the time of sampling was used as a covariate. To correctly 
account for depth and its effect on the model’s variables, a command for repeated measures was 
included in the model. For all variables, when covariance estimates were zero, a -2log likelihood 
test was run to determine whether the term could be removed from the model. An alpha level of 
0.10 was set for mean separations and tests for significance.  
 For analysis of ammonium and nitrate concentrations, a natural log transformation was 
used for the data of all four sites. When results were significant, means separations were 
backtransformed. 
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RESULTS 
Soil Organic Carbon 
While residue removal and tillage were not significant as main effects, residue x tillage 
interactions on soil organic carbon (SOC) were significant at Perry and DeKalb, with no-till plots 
with no residue removed having higher SOC than no-till plots with all residue removed (Table 
1). Under no residue removal, the no-till plots of both sites also had higher SOC than tilled plots. 
Perry no-till plots had 23.3 g SOC kg-1 with no residue removed while tilled plots had 19.2 g 
SOC kg-1 with the same residue cover. With no residue removed, DeKalb no-till plots had 45.7 g 
SOC kg-1 while tilled plots had 40.3 g SOC kg-1. However, under full residue removal, DeKalb 
tilled plots had greater SOC levels than the site’s no-till plots.  
Table 1. Residue removal (full, half, or none) and tillage (no-till or chisel plow) effects on soil 
organic carbon (SOC) at Perry and DeKalb, IL. Data are across four N rates and two depths. 
Between tillage treatments within a residue treatment at an individual site, SOC means with the 
same lowercase letter are not significantly different at =0.10. Between residue treatments 
within a tillage treatment at an individual site, SOC means with the same uppercase letter are not 
significantly different at =0.10. 
 Perry DeKalb 
Residue Removal 
Tillage Tillage 
NT CT NT CT 
 ––––––––––––––––––––––– SOC, g kg-1 ––––––––––––––––––––––– 
Full 19.8 Ba 21.5 Aa 38.1 Bb 45.8 Aa 
Half 20.3 Ba 19.3 Aa 42.6 Aa 44.9 ABa 
No 23.3 Aa 19.2 Ab 45.7 Aa 40.3 Bb 
NT = no-till; CT = tilled. 
 
 At Perry and Monmouth, tillage and depth had a significant interaction effect on SOC. 
No-till soils had significantly higher SOC than tilled soils in the first 10 cm (Table 2). At this 
depth, Perry no-till soils had 22.6 g SOC kg-1 vs. the 20.5 g SOC kg-1 found in tilled soils; 
Monmouth no-tills had 36.7 g SOC kg-1 while Monmouth tilled soils had 35.1 g SOC kg-1.    
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Table 2. Tillage (no-till or chisel plow) and depth (0-10 cm; 10-20 cm) effects on soil organic 
carbon (SOC) at Perry and Monmouth, IL. Data are across three residue treatments and four N 
rates. At an individual site, SOC means with the same lowercase letter are not significantly 
different at =0.10. 
  Perry Monmouth 
Tillage Depth (cm) ––––––––––––––– SOC, g kg-1 ––––––––––––––– 
NT 
0-10 22.6 a 36.7 a 
10-20 19.7 bc 34.5 bc 
CT 
0-10 20.5 b 35.1 b 
10-20 19.6 c 34.4 c 
NT = no-till; CT = tilled. 
 
At all four sites, there was a significant interaction effect of residue removal and depth on 
SOC. However, at three of the four sites, the differences in mean SOC were only apparent 
between depths, not between residue treatments (Table 3). There was a significant difference in 
mean SOC between residue removal treatments at Monmouth (p<0.001). At 0-10 cm, soils with 
full residue removal had 34.7 g SOC kg-1 while soils with no residue removal had 37.3 g SOC 
kg-1.  
Additionally, the interaction of residue removal, tillage, and depth was significant at 
Perry and Monmouth, where no-till plots with no residue removal had greater SOC at 0-10 cm 
than all other treatment combinations (Figures 1 and 2). At Perry, these plots had a mean SOC of 
25.4 g kg-1 in the 0-10 cm depth, while at the same depth no-till plots with half and all residue 
removed had a mean SOC of 18.7 and 19.1 g kg-1, respectively. Compared against Perry no-till 
plots with no residue removal, Perry tilled plots had less SOC in the surface depth by an average 
of 5.5 g kg-1 (with no removal), 5.7 g kg-1 (with half removal), and 3.6 g kg-1 (with full removal). 
At Monmouth, no-till plots with no, partial, and full residue removal had mean SOC values in 
the 0-10 cm depth of 39.0, 36.1, and 34.9 g kg-1, respectively. The mean SOC of Monmouth 
tilled plots differed from that of no-till, no-residue-removed plots by 3.4 g kg-1 (with no 
removal), 3.9 g kg-1 (with half removal), and 4.4 g kg-1 (with full removal). 
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Table 3. Residue removal (full, half, or none) and depth (0-10 cm; 10-20 cm) effects on soil 
organic carbon (SOC) at four sites. Data are across two tillage treatments and four N rates. 
Between depths within a residue treatment at an individual site, SOC means with the same 
lowercase letter are not significantly different at =0.10. Between residue treatments within a 
depth at an individual site, SOC means with the same uppercase letter are not significantly 
different at =0.10. 
 Urbana Perry 
Residue 
Removal 
Depth Depth 
0-10 cm 10-20 cm 0-10 cm 10-20 cm 
 ––––––––––––––––––––––– SOC, g kg
-1 ––––––––––––––––––––––– 
Full 29.7 Aa 29.6 Aa 21.2 Aa 20.1 Ab 
Half 28.8 Aa 28.2 Ab 20.8 Aa 18.8 Ab 
No 30.2 Aa 28.7 Ab 22.6 Aa 19.9 Ab 
 Monmouth DeKalb 
Residue 
Removal 
Depth Depth 
0-10 cm 10-20 cm 0-10 cm 10-20 cm 
 ––––––––––––––––––––––– SOC, g kg
-1 ––––––––––––––––––––––– 
Full 34.7 Ba 33.9 Ab 42.8 Aa 41.2 Ab 
Half 35.6 ABa 34.8 Ab 44.4 Aa 43.1 Ab 
No 37.3 Aa 34.6 Ab 44.2 Aa 41.8 Ab 
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Figure 1. Residue removal (full, half, or none), tillage (no-till or chisel plow), and depth (0-10 
cm; 10-20 cm) effects on soil organic carbon (SOC) at Perry, IL. Data are across four N rates. At 
a given depth, SOC means with the same uppercase letter are not significantly different at 
=0.10. NT = no-till; CT = tilled. 
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Figure 2. Residue removal (full, half, or none), tillage (no-till or chisel plow), and depth (0-10 
cm; 10-20 cm) effects on soil organic carbon (SOC) at Monmouth, IL. Data are across four N 
rates. At a given soil depth, SOC means with the same uppercase letter are not significantly 
different at =0.10. NT = no-till; CT = tilled. 
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Tillage and N rate significantly affected SOC at two of the four sites (Table 4). Urbana 
no-till plots with 134 kg N ha-1 applied had significantly lower SOC compared to the site’s tilled 
plots with 134 kg N ha-1 (28.1 g kg-1 vs. 30.5 g kg-1, respectively). Within the tilled treatment at 
Urbana, plots with 134 kg N ha-1 applied had significantly higher SOC than plots with either 67 
kg N ha-1 or 268 kg N ha-1. At Perry, no-till plots had significantly higher SOC than the SOC 
levels found in tilled plots at 201 kg N ha-1; no-till plots had 22.0 g SOC kg-1 and tilled plots 19.6 
g SOC kg-1. Within tillage groups, Perry no-till plots with 201 kg N ha-1 applied had higher SOC 
than the site’s no-till plots with all other N rates. For plots under chisel plow, plots with 201 kg 
N ha-1 had lower SOC than plots with 67 kg N ha-1 applied. At Perry, as the nitrogen application 
rate increased, there was a trend of no-till soils maintaining SOC levels while tilled soils lost 
SOC. However, this trend was not evident at Urbana. 
Table 4. Tillage (no-till or chisel plow) and nitrogen rate (67, 134, 201, or 268 kg N ha-1) effects 
on soil organic carbon (SOC) at Urbana and Perry, IL. Data are across three residue treatments 
and two depths. Between tillage treatments within a nitrogen rate treatment at an individual site, 
SOC means with the same lowercase letter are not significantly different at =0.10. Between 
nitrogen rates within a tillage treatment at an individual site, SOC means with the same 
uppercase letter are not significantly different at =0.10. 
 Urbana Perry 
N Rate  
(kg ha-1) 
Tillage Tillage 
NT CT NT CT 
 ––––––––––––––– SOC, g kg-1 ––––––––––––––– 
67 28.7 ABa 29.4 Ba 20.6 Ba 20.5 Aa 
134 28.1 Bb 30.5 Aa 20.9 Ba 20.3 ABa 
201 29.1 ABa 29.6 ABa 22.0 Aa 19.6 Bb 
268 29.3 Aa 28.7 Ba 21.1 Ba 19.7 ABa 
NT = no-till; CT = tilled. 
 
Of all the treatment variables, only depth was statistically significant as a main effect. It 
was highly significant at all four sites; the surface depth (0-10 cm) consistently had higher levels 
of SOC than the lower depth (10-20 cm) (Table 5). 
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Table 5. Mean values of soil organic carbon (SOC) as affected by depth (0-10 cm; 10-20 cm) at 
four sites. Data are across three residue treatments, two tillage treatments, and four N rates. At an 
individual site, SOC means with the same lowercase letter are not significantly different at 
=0.10. 
 Urbana Perry Monmouth DeKalb 
Depth (cm) ––––––––––––––––––––––– SOC, g kg-1 ––––––––––––––––––––––– 
0-10 29.5 a 21.5 a 35.9 a 43.8 a 
10-20 28.9 b 19.6 b 34.4 b 42.0 b 
 
Bulk Density and Penetration Resistance 
 All sites had a significant interaction effect of tillage and depth on bulk density (ρb). At 0-
10 cm for each location, mean ρb was greater under no-till than under chisel plow (Table 6). At 
Perry, Monmouth, and DeKalb, this trend did not hold at the lower depth and there was no 
difference between the mean ρb of tilled and no-till soils at 10-20cm. However, at Urbana, the 
mean ρb of no-till was greater than the mean ρb at10-20 cm as well. 
Table 6. Tillage (no-till or chisel plow) and depth (0-10 cm; 10-20 cm) effects on bulk density 
(ρb) at four sites. Data are across three residue treatments and two N rates. At an individual site, 
ρb means with the same lowercase letter are not significantly different at =0.10. 
  Urbana Perry Monmouth DeKalb 
Tillage Depth (cm) ––––––––––––––– ρb, g cm-3 ––––––––––––––– 
NT 
 0-10 1.57 b 1.58 b 1.41 a 1.46 b 
10-20 1.59 a 1.60 a 1.42 a 1.50 a 
CT 
 0-10 1.46 c 1.45 c 1.29 b 1.37 c 
10-20 1.56 b 1.57 ab 1.38 a 1.47 ab 
NT = no-till; CT = tilled. 
 
As main effects on ρb, residue removal was significant at Perry and Monmouth, tillage 
was significant at all sites, and depth was significant at all sites. As main effects on penetration 
resistance (PR), residue removal was significant at Monmouth, tillage was significant at all sites, 
and depth was significant at all sites.  
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Urbana 
 At Urbana, tillage had a highly significant effect on ρb (p<0.001) and on PR (p<0.001) 
(ANOVA Table A1). No-till plots had a mean ρb of 1.58 g cm-3 while tilled plots had a mean ρb 
of 1.51 g cm-3. The effect of tillage on PR followed a similar trend (Table 7). Compared against 
the mean PR of tilled soils, no-till soils had greater PR by an average of 301 kPa. Both ρb and PR 
increased as depth increased. 
Table 7. Mean values of bulk density (ρb) and penetration resistance (PR) as affected by residue 
removal (full, half, or none), tillage (no-till or chisel plow), or depth (0-10 cm; 10-20 cm) at 
Urbana, IL. Within main effect, ρb means with the same lowercase letter are not significantly 
different at =0.10. Within main effect, PR means with the same lowercase letter are not 
significantly different at =0.10. 
 
Main Effect 
 ρb  PR 
Levels g cm-3  kPa 
 
Residue 
Removal 
Full 1.56 ns  860 ns 
Half 1.55   769  
No 1.52   812  
Tillage 
NT 1.58 a  964 a 
CT 1.51 b  663 b 
Depth 
(cm) 
0-10 1.51 b  672 b 
10-20 1.58 a  956 a 
NT = no-till; CT = tilled; ns, not significant. 
 
Perry 
 At Perry, there was a significant interaction between residue removal and tillage on bulk 
density (ANOVA Table A2). When either half or no residue was removed, no-till plots had 
significantly higher ρb than no-till plots with full residue removal (Figure 3). There were also 
significant differences between tillage treatments under the same residue removal. No-till plots 
with no residue removal had a mean ρb of 1.62 g cm-3 while tilled plots with no residue removed 
had a mean ρb of 1.50 g cm-3. The difference in ρb was similar between no-till and tilled plots 
with half residue removed (1.60 g cm-3 in no-till plots vs. 1.53 g cm-3 in tilled plots).  
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Figure 3. Residue removal (full, half, or none) and tillage (no-till or chisel plow) effects on bulk 
density (ρb) at Perry, IL. Data are across two N rates and two depths. ρb means with the same 
uppercase letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
 
 There was also a significant interaction of residue removal, tillage, and depth on 
penetration resistance at Perry (Figure 4). Across all three residue removal treatments, no-till 
plots had a higher PR than tilled plots at 0-10 cm. Within tillage and the lower depth, no-till plots 
with full residue removal had a mean PR of 2112 kPa, significantly higher than the PR of no-till 
plots with half (1819 kPa) or no removal (1599 kPa). The opposite was true for tilled plots at the 
lower depth: plots with no residue removal had higher PR than plots with half or full removal.  
At 10-20 cm, the PR of tilled plots with no residue removed was 1563 kPa, while of the PR of 
tilled plots with half or all residue removed was 1190 kPa and 1077 kPa, respectively.  
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Figure 4. Residue removal (full, half, or none), tillage (no-till or chisel plow), and depth (0-10 
cm; 10-20 cm) effects on penetration resistance (PR) at Perry, IL. Data are across two N rates. At 
a given depth, PR means with the same uppercase letter are not significantly different at =0.10. 
NT = no-till; CT = tilled.  
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As was the case at Urbana, the tilled plots at Perry had lower ρb and PR than no-till plots 
(Table 8). The effect of depth on ρb and PR was also the same. However, unlike Urbana, residue 
removal was significant as a main effect on ρb (p=0.058). Plots with half or no residue removal 
had significantly higher ρb than plots with full removal. 
Table 8. Mean values of bulk density (ρb) and penetration resistance (PR) as affected by residue 
removal (full, half, or none), tillage (no-till or chisel plow), or depth (0-10 cm; 10-20 cm) at 
Perry, IL. Within main effect, ρb means with the same lowercase letter are not significantly 
different at =0.10. Within main effect, PR means with the same lowercase letter are not 
significantly different at =0.10. 
 
Main Effect 
 ρb  PR 
Levels g cm-3  kPa 
 
Residue 
Removal 
Full 1.53 b  1254 ns 
Half 1.56 a  1230  
No 1.56 a  1228  
Tillage 
NT 1.59 a  1542 a 
CT 1.51 b  932 b 
Depth 
(cm) 
0-10 1.51 b  914 b 
10-20 1.59 a  1560 a 
NT = no-till; CT = tilled. 
 
Monmouth 
 At Monmouth, the significance of the interaction of residue removal and depth on bulk 
density (Table 9) can be attributed to a single mean—ρb at 0-10 cm of soils with half residue 
removed—but there was a clear increase in PR at 10-20 cm as the level of residue removal 
decreases (p=0.031). Under full removal, Monmouth plots had a mean PR of 1031 kPa at the 
lower depth; plots under half residue removal had a mean PR of 1050 kPa, and plots under no 
residue removal had a mean PR of 1163 kPa.  
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Table 9. Residue removal (full, half, or none) and depth (0-10 cm; 10-20 cm) effects on bulk 
density (ρb) and penetration resistance (PR) at Monmouth, IL. Data are across two tillage 
treatments and two N rates. For each variable, between depths within a residue treatment, means 
with the same lowercase letter are not significantly different at =0.10. For each variable, 
between residue treatments within a depth, means with the same uppercase letter are not 
significantly different at =0.10. 
Residue 
Removal 
Depth Depth 
0-10 cm  10-20 cm  0-10 cm  10-20 cm  
 –––––––––– ρb, g cm
-3 –––––––––– –––––––––– PR, kPa –––––––––– 
Full 1.36 Aa 1.39 Aa 550 Ab 1031 Ba 
Half 1.30 Bb 1.39 Aa 576 Ab 1049 ABa 
No 1.40 Aa 1.42 Aa 531 Ab 1163 Aa 
 
 
 Tillage significantly decreased ρb (p<0.001) and PR (p<0.001) (ANOVA Table A3). As 
depth increased, so did the mean values for both variables (Table 10). Moreover, the differences 
in means for both variables were similar to those found at Urbana and Perry. Residue removal 
decreased ρb, but the effect may be confounded by the residue removal by depth interaction 
previously discussed.  
Table 10. Mean values of bulk density (ρb) and penetration resistance (PR) as affected by residue 
removal (full, half, or none), tillage (no-till or chisel plow), or depth (0-10 cm; 10-20 cm) at 
Monmouth, IL. Within main effect, ρb means with the same lowercase letter are not significantly 
different at =0.10. Within main effect, PR means with the same lowercase letter are not 
significantly different at =0.10. 
 
Main Effect 
 ρb  PR 
Levels g cm-3  kPa 
 
Residue Removal 
Full 1.37 b  791 ns 
Half 1.35 b  812  
No 1.41 a  847  
Tillage 
NT 1.42 a  1025 a 
CT 1.34 b  608 b 
Depth 
(cm) 
0-10 1.35 b  552 b 
10-20 1.40 a  1081 a 
NT = no-till; CT = tilled; ns, not significant. 
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DeKalb 
 At DeKalb, there was a significant residue removal by tillage interaction (p=0.10) and 
residue removal by depth interaction (p=0.058) on bulk density. No-till plots with full residue 
removal had significantly higher ρb, both across and within tillage at DeKalb (Figure 5). Tilled 
plots with full residue removal had a ρb of 1.41g cm-3; no-till plots with full residue removal had 
a ρb of 1.55 g cm-3. Within no-till plots, those with full removal had higher ρb compared to the 
mean ρb of 1.40 g cm-3 in plots with no residue removal.  
 
Figure 5. Residue removal (full, half, or none) and tillage (no-till or chisel plow) effects on bulk 
density (ρb) at DeKalb, IL. Data are across two N rates and two depths. ρb means with the same 
uppercase letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
 
Like Monmouth, DeKalb also had a significant residue removal by depth interaction effect on 
bulk density. However, whereas the mean ρb under no and full residue removal was not 
significantly different in the first 10 cm at Monmouth, the mean ρb in the first 10 cm at DeKalb 
decreased as the level of residue removal decreased (Table 11).  
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Table 11. Residue removal (full, half, or none) and depth (0-10 cm; 10-20 cm) effects on bulk 
density (ρb) at DeKalb, IL. Data are across two tillage treatments and two N rates. Between 
depths within a residue treatment, ρb means with the same lowercase letter are not significantly 
different at =0.10. Between residue treatments within a depth, ρb means with the same 
uppercase letter are not significantly different at =0.10. 
Residue 
Removal 
Depth 
0-10 cm  10-20 cm  
  –––––––––– ρb, g cm
-3 –––––––––– 
Full 1.46 Ab 1.50 Aa 
Half 1.42 Ab 1.48 Aa 
No 1.36 Bb 1.47 Aa 
 
A similar trend in PR means was observed in the interaction of residue removal, tillage, 
and depth (Figure 6). As residue removal decreased, PR decreased for no-till plots at 0-10 cm 
and for both tilled and no-till plots at 10-20 cm. For instance, no-till plots with full residue 
removal had a PR of 1498 kPa at 10-20 cm, while no-till plots with no residue removal had a PR 
of 1087 kPa at the lower depth. Additionally, within a residue removal group, no-till plots had 
greater PR than tilled plots, with the exception of plots under no residue removal at 0-10 cm. 
Interestingly, this exception highlights that the difference in PR between the two tillage groups 
generally lessened as the level of residue removal decreased. With full removal, the difference in 
PR between no-till and tilled plots at 0-10 cm was 634 kPa; with no removal, the difference in 
PR between the two groups was not significant. Likewise, at the lower depth, the difference in 
PR between no-till and tilled plots with full residue removal was 433 kPa; with no removal, the 
difference in PR between tilled and no-till plots was 328 kPa.  
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Figure 6. Residue removal (full, half, or none), tillage (no-till or chisel plow), and depth (0-10 
cm; 10-20 cm) effects on penetration resistance (PR) at DeKalb, IL. Data are across two N rates. 
At a given depth, PR means with the same uppercase letter are not significantly different at 
=0.10. NT = no-till; CT = tilled. 
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Tillage and depth main effects at DeKalb followed the same trend observed at other sites, 
where ρb and PR were lower in tilled plots compared to no-till plots and higher at 10-20 cm 
compared to 0-10 cm (Table 12). But unlike the findings at the other three sites, residue removal 
increased penetration resistance. The mean PR of plots with half or all residue removed were 
greater than without removal by 237 kPa and 323 kPa, respectively.  
Table 12. Mean values of bulk density (ρb) and penetration resistance (PR) as affected by residue 
removal (full, half, or none), tillage (no-till or chisel plow), or depth (0-10 cm; 10-20 cm) at 
DeKalb, IL. Within main effect, ρb means with the same lowercase letter are not significantly 
different at =0.10. Within main effect, PR means with the same lowercase letter are not 
significantly different at =0.10. 
 
Main Effect 
 ρb  PR 
Levels g cm-3  kPa 
 
Residue Removal 
Full 1.48 ns  1031 a 
Half 1.45   945 a 
No 1.41   708 b 
Tillage 
NT 1.48 a  1112 a 
CT 1.42 b  677 b 
Depth 
(cm) 
0-10 1.41 b  673 b 
10-20 1.48 a  1117 a 
NT = no-till; CT = tilled; ns, not significant. 
 
pH 
 Of the main effects, only nitrogen rate had a significant effect on pH at all four sites. 
With the exception of DeKalb, soils under lower N application rates had significantly higher pH 
than soils under the higher N rates (Table 13). Tillage was significant only at Monmouth 
(p<0.001), where chisel-plowed soils had a mean pH of 6.57 compared to 6.24 under no-till. The 
effect of depth on pH was significant at Perry (p<0.001) and DeKalb (p<0.001), with soil in the 
first 0-10 cm having a lower pH compared to the 10-20 cm depth at both sites.   
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Table 13. Mean values of pH as affected by tillage (no-till or chisel plow), nitrogen rate (67, 
134, 201, or 268 kg N ha-1), or depth (0-10 cm; 10-20 cm) at four sites. Within main effect at an 
individual site, pH means with the same lowercase letter are not significantly different at =0.10. 
  Urbana Perry Monmouth DeKalb 
Main Effect Levels –––––––––––––––––––––– pH –––––––––––––––––––––– 
Tillage 
NT 5.63 ns 5.22 ns 6.24 b 5.63 ns 
CT 5.66  5.39  6.57 a 5.65  
N Rate 
(kg ha-1) 
67 5.76 a 5.77 a 6.61 a 5.58 b 
134 5.66 ab 5.37 b 6.58 a 5.74 a 
201 5.62 bc 5.09 c 6.30 b 5.66 ab 
268 5.54 c 4.98 c 6.13 c 5.60 b 
Depth 
(cm) 
0-10 5.63 ns 4.98 b 6.42 ns 5.53 b 
10-20 5.66  5.62 a 6.39  5.76 a 
NT = no-till; CT = tilled. 
 
 At all four sites, there was a significant interaction effect of nitrogen rate and depth 
(ANOVA Tables A1-A4). At the 0-10 cm depth of each site, pH dropped as N rates increased 
(Table 14). At Perry and Monmouth, the lower depth was significantly more acidic under higher 
N rates, but the lower depth at Urbana and DeKalb did not follow this trend. With the exception 
of Monmouth, the surface depth at each site was more acidic than the lower depth, especially 
under the higher N rates.  
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Table 14. Nitrogen rate (67, 134, 201, or 268 kg N ha-1) and depth (0-10 cm; 10-20 cm) effects 
on pH at four sites. Data are across three residue removal treatments and two tillage treatments. 
Between depths within a nitrogen rate at an individual site, pH means with the same lowercase 
letter are not significantly different at =0.10. Between nitrogen rates within a depth at an 
individual site, pH means with the same uppercase letter are not significantly different at =0.10. 
 Urbana Perry 
N Rate  
(kg ha-1) 
Depth Depth 
0-10 cm  10-20 cm  0-10 cm  10-20 cm  
 –––––––––––––––––––– pH –––––––––––––––––––– 
67 5.79 Aa 5.72 Aa 5.49 Ab 6.06 Aa 
134 5.69 Aa 5.63 Aa 5.00 Bb 5.75 Ba 
201 5.58 Bb 5.67 Aa 4.73 Cb 5.45 Ca 
268 5.46 Cb 5.62 Aa 4.72 Cb 5.24 Da 
 Monmouth DeKalb 
N Rate 
(kg ha-1) 
Depth Depth 
0-10 cm 10-20 cm  0-10 cm 10-20 cm  
 –––––––––––––––––––– pH –––––––––––––––––––– 
67 6.66 Aa 6.56 Ab 5.54 ABa 5.63 Ba 
134 6.63 Aa 6.52 Ab 5.67 Ab 5.81 Aa 
201 6.28 Ba 6.32 Ba 5.51 Bb 5.82 Aa 
268 6.10 Ca 6.15 Ca 5.39 Cb 5.80 Aa 
 
 
 At Perry, no-till plots under full residue removal had a mean pH of 4.88, which was 
significantly more acidic than the mean pH of 5.60 observed in tilled plots with the same residue 
treatment (Figure 7). No-till plots with full residue removal were also more acidic than no-till 
plots with half or no residue removal; no-till plots with no, partial, and full residue removal had 
mean pH values of 5.47, 5.31, and 4.88, respectively. In contrast, the pH of tilled plots with no 
residue removal (5.09) was more acidic than the pH of tilled plots with half residue removal 
(5.47) or full residue removal (5.60).  
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Figure 7. Residue removal (full, half, or none) and tillage (no-till or chisel plow) effects on pH 
at Perry, IL. Data are across four N rates and two depths. pH means with the same uppercase 
letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
 
 
 
 
Figure 8. Residue removal (full, half, or none) and tillage (no-till or chisel plow) effects on pH 
at Monmouth, IL. Data are across four N rates and two depths. pH means with the same 
uppercase letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
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The interaction effect of residue removal and tillage on pH was different at Monmouth 
than at Perry (Figure 8). Under full or no residue removed, no-till plots had lower mean pH than 
tilled plots. However, any trend within residue removal was unclear; mean pH values for full and 
no removal were not significantly different, while the mean pH values for half removal were 
different. If residue removal had a significant impact on pH, its effect should remain as the rate 
of residue removal increases. Instead, no-till plots with no residue removal were more acidic than 
no-till plots with half residue removal but were not significantly different than no-till with full 
residue removal. Tilled plots with half residue removal were more acidic than tilled plots with 
full residue removal but were not different than tilled plots with no residue removal.  
At Monmouth, there was a tillage x nitrogen rate interaction that resulted in lower pH in 
no-till soils, compared to tilled soils, and lower pH at low N rates, compared to higher N rates. 
As shown in Figure 9, chisel-plowed soils were less acidic than no-till soils under all but one 
nitrogen rate. As the N rate increased, the mean pH of tilled soils dropped from 6.80 at 67 kg N 
ha-1 applied to 6.31 at 268 kg N ha-1 applied; the mean pH of no-till soils decreased from 6.42 at 
67 kg N ha-1 applied to 5.94 at 268 kg N ha-1 applied.  
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Figure 9. Tillage (no-till or chisel plow) and nitrogen rate (67, 134, 201, or 268 kg N ha-1) 
effects on pH at Monmouth, IL. Data are across three residue treatments and two depths. pH 
means with the same uppercase letter are not significantly different at =0.10. NT = no-till; CT = 
tilled. 
Water Aggregate Stability 
Among the four sites, water aggregate stability (WAS) was affected by treatment only at 
Urbana. At Urbana, soils under no-till had 84% WAS (the percentage of soil aggregates that 
were resistant to dispersal), higher than the 81% WAS observed in tilled soils (p=0.015) (Table 
15). The rate of N application interacted with tillage and depth. Tilled soils with 67 or 201 kg N 
ha-1 applied had significantly lower WAS than no-till soils under the same nitrogen rates (Table 
16).  
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Table 15. Mean values of water aggregate stability (WAS) as affected by residue removal (full, 
half, or none), tillage (no-till or chisel plow), or depth (0-10 cm; 10-20 cm) at four sites. Within 
main effect at an individual site, WAS means with the same lowercase letter are not significantly 
different at =0.10. 
Main Effect Level 
Urbana Perry Monmouth DeKalb 
–––––––––––––––––––– WAS, % –––––––––––––––––––– 
Residue 
Removal 
Full 82 ns 69 ns 89 ns 80 ns 
Half 83  65  87  82  
No 83  65  90  84  
Tillage 
NT 84 a 67 ns 90 ns 83 ns 
CT 81 b 66  88  81  
Depth  
(cm) 
0-10 82 ns 67 ns 88 ns 82 ns 
10-20 83  66  89  82  
NT = no-till; CT = tilled; ns, not significant.  
 
 
 
 
Table 16. Tillage (no-till or chisel plow) and nitrogen rate (67, 134, 201, or 268 kg N ha-1) 
effects on water aggregate stability (WAS) at Urbana, IL. Data are across three residue 
treatments and two depths. Between tillage treatments within a nitrogen rate, WAS means with 
the same lowercase letter are not significantly different at =0.10. Between nitrogen rates within 
a tillage treatment, WAS means with the same uppercase letter are not significantly different at 
=0.10. 
N Rate 
(kg ha-1) 
Tillage 
NT CT 
 –––––––––– WAS, % –––––––––– 
67 86 Aa 78 Bb 
134 82 Aa 82 ABa 
201 85 Aa 79 Bb 
268 83 Aa 84 Aa 
NT = no-till; CT = tilled. 
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Soils under 134 or 201 kg ha-1 also had significantly lower WAS in the first 10 cm than at the 
lower depth (Table 17). However, in both interactions there was no trend of decreasing WAS as 
nitrogen rate increased, as the WAS of soils with 268 kg ha-1 was not significantly different than 
the WAS of soils with 67 kg ha-1.  
Table 17. Nitrogen rate (67, 134, 201, or 268 kg N ha-1) and depth (0-10 cm; 10-20 cm) effects 
on water aggregate stability (WAS) at Urbana, IL. Data are across three residue treatments and 
two tillage treatments. Between depths within a nitrogen rate at an individual site, WAS means 
with the same lowercase letter are not significantly different at =0.10. Between nitrogen rates 
within a depth at an individual site, WAS means with the same uppercase letter are not 
significantly different at =0.10. 
N Rate 
(kg ha-1) 
Depth 
0-10 cm 10-20 cm 
–––––––––––– WAS, % ––––––––––––– 
67 82 ABa 82 Aa 
134 80 Bb 84 Aa 
201 81 ABb 84 Aa 
268 84 Aa 83 Aa 
NT = no-till; CT = tilled. 
 
Soil Ammonium and Nitrate 
 At two of the four sites, the rate of nitrogen application had a significant effect on the 
concentration of ammonium (NH4
+) and nitrate (NO3
-) in spring soils. Soils with 268 kg N ha-1 
applied had a greater concentration of NH4
+ at Urbana (p=0.003) and Perry (p=0.0985), as well 
as greater concentration of NO3
- at Urbana (p<0.001) and DeKalb (p<0.001). Tillage also had a 
significant effect on NH4
+ at Urbana (Table 18) and on NO3
- at Urbana, Perry, and Monmouth 
(Table 19). At Urbana, tilled soils had lower levels of NH4
+ but higher levels of NO3
- than no-till 
soils. The NO3
- levels of Perry and Monmouth soils were also highest under tillage.  
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Table 18. Mean values of soil NH4
+ as affected by residue removal (full, half, or none), tillage 
(no-till or chisel plow), or nitrogen rate (134 or 268 kg N ha-1) at four sites. Within main effect at 
an individual site, NH4
+ means with the same lowercase letter are not significantly different at 
=0.10. 
  Urbana Perry Monmouth DeKalb 
Main Effect Levels ––––––––––––––– NH4+, mg kg-1 ––––––––––––––– 
Residue 
Removal 
Full 6.02 ab 1.41 ns 5.20 b 2.68 ns 
Half 4.97 b 1.41  4.90 b 2.99  
No 6.52 a 1.36  6.10 a 3.13  
Tillage 
NT 7.47 a 1.45 ns 5.54 ns 3.21 ns 
CT 4.50 b 1.34  5.22  2.67  
N Rate 
(kg ha-1) 
134 4.97 b 1.24 b 5.33 ns 2.96 ns 
268 6.76 a 1.56 a 5.42  2.90  
NT = no-till; CT = tilled. 
 
 
 
 
Table 19. Mean values of soil NO3
- as affected by tillage (no-till or chisel plow) or nitrogen rate 
(134 or 268 kg N ha-1) at four sites. Within a main effect at an individual site, NO3
- means with 
the same lowercase letter are not significantly different at =0.10. 
  Urbana Perry Monmouth DeKalb 
Main Effect Levels ––––––––––––––– NO3-, mg kg-1 ––––––––––––––– 
Tillage 
NT 3.99 b 6.25 b 4.84 b 8.37 ns 
CT 6.29 a 12.49 a 6.70 a 10.21  
N Rate 
(kg ha-1) 
134 3.94 b 8.04 ns 5.96 ns 6.77 b 
268 6.38 a 9.72  5.44  12.62 a 
NT = no-till; CT = tilled. 
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At Urbana, there was a significant residue removal, tillage, and nitrogen rate interaction 
effect on soil NH4
+ (p=0.004). As seen in Figure 10, no-till plots with full residue removal and 
268 kg N ha-1 had a mean soil concentration of 16.57 g NH4
+ kg-1, significantly higher than the 
7.16 g NH4
+ kg-1 and 7.89 g NH4
+ kg-1 concentrations in no-till plots with half or no residue 
removed. At the levels of full or half residue removal, no-till plots with 268 kg N ha-1 applied 
had higher ammonium levels than tilled plots with the same nitrogen application.  
Figure 10. Residue removal (full, half, or none), tillage (no-till or chisel plow), and nitrogen rate 
(134 or 268 kg N ha-1) effects on soil NH4
+ at Urbana, IL. NH4
+ means with the same uppercase 
letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
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At Perry, the difference in soil NH4
+ levels between nitrogen rate applications was only 
significant in plots with full residue removal (Figure 11). In plots where 268 kg N ha-1 was 
applied, soil NH4
+ levels decreased as residue removal also decreased. 
 
Figure 11. Residue removal (full, half, or none) and nitrogen rate (134 or 268 kg N ha-1) effects 
on soil NH4
+ at Perry, IL. Data are across two tillage treatments. NH4
+ means with the same 
uppercase letter are not significantly different at =0.10. 
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In the residue removal and nitrogen rate interaction at Monmouth, the only difference in 
ammonium levels between nitrogen rate applications was again in plots with full residue removal 
(Figure 12). In plots where 134 kg N ha-1 was applied, soil NH4
+ levels increased as residue 
removal decreased. 
   
Figure 12. Residue removal (full, half, or none) and nitrogen rate (134 or 268 kg N ha-1) effects 
on soil NH4
+ at Monmouth, IL. Data are across two tillage treatments. NH4
+ means with the same 
uppercase letter are not significantly different at =0.10. 
 Shown in Figures 13 and 14, there was a significant three-way interaction effect of 
residue removal, tillage, and nitrogen rate on nitrate levels at Perry and DeKalb. Under both 
nitrogen rates, tilled soils at Perry had higher soil NO3
- levels than no-till soils. Similar to the 
trend noted for soil NH4
+ levels at Perry, under 268 kg N ha-1, soil NO3
- levels decreased as 
residue removal decreased, but only for tilled soils. For Monmouth, plots with 268 kg N ha-1 had 
consistently higher levels of soil NO3
- compared to plots with 134 kg N ha-1 applied. In contrast 
to the results at Perry, tilled plots at Monmouth with 268 kg N ha-1 applied had higher NO3
- 
levels as residue removal decreased.  
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Figure 13. Residue removal (full, half, or none), tillage (no-till or chisel plow), and nitrogen rate 
(134 or 268 kg N ha-1) effects on soil NO3
- at Perry, IL. NO3
- means with the same uppercase 
letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
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Figure 14. Residue removal (full, half, or none), tillage (no-till or chisel plow), and nitrogen rate 
(134 or 268 kg N ha-1) effects on soil NO3
- at DeKalb, IL. NO3
- means with the same uppercase 
letter are not significantly different at =0.10. NT = no-till; CT = tilled. 
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DISCUSSION 
Soil Organic Carbon 
At Monmouth, the effect of residue removal on SOC agreed with the results of other 
long-term, continuous-corn studies, where plots with no residue removed had higher SOC than 
plots with residue removed (Wilts et al., 2004; Liska et al., 2014). Although part of an interaction 
with tillage, residue removal treatments at Perry and DeKalb showed similar results. At Perry 
and Monmouth, the effect of tillage on SOC was consistent with the findings of Dick (1983) and 
Dolan et al. (2006), where no-till soils had significantly higher SOC than tilled soils at shallow 
depths.  
There is an ongoing debate as to whether nitrogen fertilization increases or depletes SOC 
pools. Within the interaction of tillage and N rate at Perry, there is evidence for both the carbon-
sequestering and carbon-depleting effects of N fertilizers. Under no-till, SOC was significantly 
higher with 201 kg N ha-1 than at lower N rates. The greater amount of SOC under high N rates 
could be attributed to 1) the larger amount of biomass produced and 2) the increased metabolic 
activity of soil microbes, as N availability is no longer the rate-limiting substrate in the 
breakdown of high C:N material. However, the highest N rate—268 kg N ha-1—did not show 
significantly higher SOC, so this explanation cannot fully address the increase in SOC observed 
under 201 kg N ha-1. With tillage, soils at Perry showed the opposite of what Kirkby et al. (2013) 
found—that “microbial C use efficiency” was higher with N fertilizers, increasing the conversion 
rate of plant litter to SOC. Perry’s tilled soils did not follow this trend, instead showing greater 
levels of SOC at lower N rates. This result is more in line with Neff et al. (2002), who found that 
N fertilizers significantly accelerated the decomposition of certain organic compounds within the 
SOC pool. When incorporated into the soil by tillage, the increased surface area of residue 
exposed to soil could allow for quicker decomposition by soil microbes; however, when 
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combined with high N rates, not only the stover input but also relic SOC may be decomposed by 
the flush of microbial activity. In long-term fertilization studies in continuous corn, others have 
found no net effect of N application on SOC (Russell et al, 2009; Brown et al. 2014), consistent 
with our observations at the study’s other sites. Russell et al. (2009) suggested that the increase 
in SOC decay rates under N fertilization was offset by the larger amount of biomass inputs. 
Compared to other reported SOC values for each of the soil series, the SOC values from 
all four sites were unusually high (Soil Survey Staff, 2011). While loss-on-ignition (LOI) is 
considered a reliable procedure by many (Ball, 1964; Konen et al. 2002), organic matter can be 
overestimated if other compounds combust in the furnace. With this confounding factor, there 
are two main sources of error: 1) release of carbonates (inorganic carbon), and 2) release of 
crystalline-bound water. Carbonates have a higher combustion temperature than organic carbon; 
at 550°C, a common temperature for LOI, little to no CO2 evolves from carbonates (Howard and 
Howard, 1990). However, there is considerable debate over how much water is released from the 
hygroscopic bonds in clay minerals and the hydroxyl groups in sesquioxides (De Vos et al., 
2005). This water does not typically evaporate at low temperatures, such as the 105°C used in 
the oven-drying step of LOI. However, water trapped in the crystalline layers of clays, such 
montmorillonite, [(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O], could evaporate in the high 
temperatures of the muffle furnace. If this occurs on a large scale, the resulting weight loss 
would overestimate the soil organic matter.  
Bulk Density and Penetration Resistance 
 Since chisel tillage disrupts hard-pan surfaces and increases, if only temporarily, the 
porosity between soil particles (Kay and VandenBygaart 2002), it was expected that soils under 
chisel plow would have a lower bulk density than soils under no-till. All four sites of the study 
43 
 
did in fact have higher ρb and PR in no-till plots; importantly, the ρb means under all treatments 
were below the root-restricting level of 1.75 g cm-3, so there is no immediate management 
concern with reduced root growth. Also as expected, ρb and PR increased with depth. These 
results aligned well with what others have reported. Cassel et al. (1995) found that no-till soils 
had a mean ρb of 1.56 g cm-3 while chisel-plowed soils had a mean ρb of 1.48 g cm-3.  
Other studies have suggested that residue cover reduces ρb. Residues are less dense and 
much more elastic than soils; because of these properties, residues will resist compaction to a 
greater extent (Kladviko 1994), and Blanco-Canqui et al. (2006) reported significantly lower ρb 
in soils under residue cover. The results from DeKalb support this explanation: ρb and PR were 
highest when residue was removed. Without stover interspersed throughout the surface layer, soil 
could be more easily compacted. However, lower ρb under residue cover was not observed at 
other sites; at Perry, ρb was actually highest under no residue removal, disagreeing with the 
results of Blanco-Canqui et al. (2006). With conflicting results from each site, this study cannot 
provide evidence that residue cover has any meaningful impact on bulk density.  
pH   
The pH values of Urbana, Perry, and Monmouth were all significantly lower under higher 
N rates, which agrees with the well-established acidifying effect of nitrogen fertilizers (Bolan et 
al., 1991; Bouman et al. 1995; Jagadamma et al., 2008). The application of UAN causes H+ ions 
to be released into the soil solution, either from nitrifying bacteria that oxidize ammonium to 
nitrate or from the ion exchange of plant roots as they uptake ammonium (Bolan et al., 1991). At 
higher rates of application, more H+ ions will be present in the soil solution, lowering the pH. 
UAN is likely to remain more concentrated at shallower depths near the site of application; in 
agreement with this rationale, the surface soils at Perry and DeKalb were more acidic than the 
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lower depth. The same trend has been observed in soils under no-till (Blevins et al., 1983; Dick 
1983), where the lack of soil disturbance concentrates the acidifying conversion of UAN to 
nitrate in a limited area. This effect was observed at Monmouth: both within residue treatments 
and within nitrogen rates, no-till soils were more acidic than tilled soils.  
While there were some statistically significant differences in mean pH, few differences 
were significant from an agronomic standpoint. While SOC cannot easily be replaced, farmers 
regularly adjust soil pH by applying lime. The surface soil pH at Perry under high N rates could 
be problematic if the current pH is not corrected, as root growth is inhibited as pH drops below 5 
(Kochian et al., 2004), but otherwise the pH data was within the appropriate range for 
agricultural production (Fernandez and Hoeft 2005).   
Water Aggregate Stability  
 The results at Urbana, where no-till plots had significantly higher WAS than tilled plots, 
agree with the findings of another long-term residue study, which found a highly significant 
tillage effect on WAS (Moebius-Clune et al., 2008). The lack of significant results at the other 
three sites could be attributed to the wide variability of block and sub-sample values. Since the 
WAS values were highly variable, differences between treatments—if present—were difficult to 
confirm. 
Soil Ammonium and Nitrate 
The rate of UAN application from the previous year had a significant effect on the levels 
of ammonium (NH4
+) and nitrate (NO3
-) in the following spring. This result is somewhat 
surprising, as Jokela and Randall (1989) reported that compared to a field’s nitrate concentration 
in the fall, NO3
-
 levels were 50% to 70% lower the following spring. However, despite the 
leaching effect, studies have found that soils under higher nitrogen application rates have higher 
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levels of “residual” nitrate the following spring (Herron et al., 1968; Angle et al., 1993). At the 
Monmouth research site, Jagadamma et al. (2008) reported a similar significant effect of 
fertilizer application on total soil N concentration. Moreover, these samples were taken in the 
spring after the record drought of 2012; with stressed corn plants not able to fully use the 
available nitrogen in the soil, there may have been an unusually high concentration of nitrate 
leftover. Researchers catalogued the effect of the 2012 drought on nitrate levels at Wisconsin and 
Iowa farms, and higher-than-normal nitrate concentrations in the soil were reported for the spring 
of 2013 (Laboski 2013).  
The higher levels of NH4
+ under no residue removal at Monmouth agree with the findings 
of Dolan et al. (2006) and Blanco-Canqui and Lal (2009). Although soil microbes will initially 
immobilize inorganic nitrogen as residue is broken down, eventually ammonium will be 
mineralized from soil organic matter. The response of soil NO3
- did not agree with the results of 
other studies, where no-till soils had higher concentrations of nitrate (Dick 1983; Doran 1987; 
Puget and Lal 2005). Instead, Urbana, Perry, and Monmouth had higher levels of nitrate in soils 
under chisel plow. This may be an artefact of the sampling procedure, as chisel plow 
incorporated the applied fertilizer into a broader area of the soil, while no-till would have kept 
the fertilizer concentrated in a narrow band. Given the greater likelihood of sampling applied 
fertilizer in tilled soils, the higher levels of nitrate under chisel plow should be interpreted with 
caution. Moreover, with the wide variation in nitrate concentrations at different times of the year, 
more analysis should be conducted to test this result.  
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CONCLUSION 
 Although other work has been conducted on the effect of stover harvest on soil organic 
carbon and physical soil properties, no long-term study has documented the effects of this 
practice in Illinois. In order to ensure that Illinois soils are not adversely affected, this study 
analyzed how residue removal and on-farm management practices impacted several key 
chemical and physical properties strongly tied to crop nutrition, and ultimately, yield.  
 After seven growing seasons, there are significant differences between residue 
management. At Monmouth, plots with full residue removal had significantly less SOC in the 
surface layer of the soil than plots with no removal. At several other sites, the interaction of 
residue removal and tillage also resulted in significantly lower SOC levels in plots with full 
residue removal. While tillage may contribute to a decrease in SOC, it improved other properties 
of the soil. Bulk density and penetration resistance were significantly lower in tilled plots; while 
not currently root-restricting, the bulk density and penetration resistance of no-till plots may 
impact root growth if increased further. The significant effect of fertilizer on soil inorganic 
nitrogen may be an anomaly caused by the 2012 drought, so further measurements are needed 
before assuming that application of UAN results in higher ammonium and nitrate levels year-
round.  
As the study progresses, future analysis could analyze the treatment effects across sites, 
treating site as a random variable and increasing the inference space. Building on this paper’s 
results, future sampling could determine how SOC changes year over year for a given treatment 
combination. While the current results were statistically significant, the relative differences in 
SOC are likely too small to have had any material impact on soil productivity. As of now, there 
is little evidence from this study to suggest that farmers could not adopt a residue removal 
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management program. Importantly, the magnitude of the differences between residue and tillage 
treatments, especially for SOC, may increase as the study continues, so future sampling is 
critical.  
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APPENDIX 
Table A1. Analysis of variance for the treatment effects of residue removal (full, half, or no), 
tillage (no-till or chisel plow), nitrogen rate (67, 134, 201, or 268 kg N ha-1), and soil depth (0-10 
cm; 10-20 cm) and their interactive effects on tested soil properties for Urbana, IL.  
Source SOC ρb PR WAS pH NH4+ NO3
- 
Res. Removed (RR)  ns ns ns ns ns § ns 
Tillage (T) ns *** *** * ns *** ** 
RR x T ns ns ns ns ns ns ns 
N Rate (N) ns ns ns ns ** ** *** 
RR x N ns ns ns ns ns ns ns 
T x N * ns ns * ns * ns 
RR x T x N ns ns ns ns ns ** ns 
Depth (D) *** *** *** ns ns 
  
RR x D ** ns ns ns ns 
  
T x D ns *** ns ns § 
  
RR x T x D ns ns ns ns ns 
  
N x D ns ns ns § *** 
  
RR x N x D ns ns ns ns * 
  
T x N x D ns ns ns ns § 
  
RR x T x N x D ns § ns ns ns 
  
 
SOC, soil organic carbon; ρb, bulk density; PR, penetration resistance; WAS, water aggregate 
stability. 
ns, not significant; §, significant at p≤0.10; *, significant at p≤0.05;**, significant at p≤0.01; ***,  
significant at p≤0.001. 
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Table A2. Analysis of variance for the treatment effects of residue removal (full, half, or no), 
tillage (no-till or chisel plow), nitrogen rate (67, 134, 201, or 268 kg N ha-1), and soil depth (0-10 
cm; 10-20 cm) and their interactive effects on tested soil properties for Perry, IL.  
Source SOC ρb PR WAS pH NH4+ NO3
- 
Res. Removed (RR)  ns § ns ns ns ns ns 
Tillage (T) ns *** *** ns ns ns *** 
RR x T § * * ns * § § 
N Rate (N) ns ns ns ns *** * ns 
RR x N ns ns ns ns ns * ns 
T x N * ns ns ns ns ns ns 
RR x T x N ns ns ns ns ns ns * 
Depth (D) *** *** *** ns *** 
  
RR x D *** ns ns ns ns 
  
T x D *** *** ns ns ns 
  
RR x T x D ** ns * ns § 
  
N x D ns ns * ns * 
  
RR x N x D ns ns ns ns ns 
  
T x N x D ns ns ns ns ns 
  
RR x T x N x D ns ns ns ns ns 
  
 
SOC, soil organic carbon; ρb, bulk density; PR, penetration resistance; WAS, water aggregate 
stability. 
ns, not significant; §, significant at p≤0.10; *, significant at p≤0.05;**, significant at p≤0.01; ***,  
significant at p≤0.001. 
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Table A3. Analysis of variance for the treatment effects of residue removal (full, half, or no), 
tillage (no-till or chisel plow), nitrogen rate (67, 134, 201, or 268 kg N ha-1), and soil depth (0-10 
cm; 10-20 cm) and their interactive effects on tested soil properties for Monmouth, IL.  
Source SOC ρb PR WAS pH NH4+ NO3
- 
Res. Removed (RR)  ns * ns ns ns ** ns 
Tillage (T) ns *** *** ns *** ns *** 
RR x T ns ns ns ns *** ns ns 
N Rate (N) ns ns ns ns *** ns ns 
RR x N ns § ns ns ns * ns 
T x N ns ns ns ns § ns ns 
RR x T x N ns ns ns ns ns ns ns 
Depth (D) *** *** *** ns ns 
  
RR x D *** § * ns ns 
  
T x D *** *** ns ns ns 
  
RR x T x D *** ns ns ns ns 
  
N x D ns ns § ns § 
  
RR x N x D ns ns ns ns ns 
  
T x N x D ns ns ns ns ns 
  
RR x T x N x D ns ns ns ns ns 
  
 
SOC, soil organic carbon; ρb, bulk density; PR, penetration resistance; WAS, water aggregate 
stability. 
ns, not significant; §, significant at p≤0.10; *, significant at p≤0.05;**, significant at p≤0.01; ***,  
significant at p≤0.001. 
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Table A4. Analysis of variance for the treatment effects of residue removal (full, half, or no), 
tillage (no-till or chisel plow), nitrogen rate (67, 134, 201, or 268 kg N ha-1), and soil depth (0-10 
cm; 10-20 cm) and their interactive effects on tested soil properties for DeKalb, IL.  
Source SOC ρb PR WAS pH NH4+ NO3
- 
Res. Removed (RR)  ns ns *** ns ns ns ns 
Tillage (T) ns § *** ns ns ns ns 
RR x T * § § ns ns ns * 
N Rate (N) ns ns ns ns § ns *** 
RR x N ns ns § ns ns ns ns 
T x N ns ns ns ns ns ns § 
RR x T x N ns ns ns ns ns ns * 
Depth (D) *** *** *** ns ***   
RR x D * § ns ns ns   
T x D ns * ns ns * 
  
RR x T x D ns ns § ns ns 
  
N x D ns ns ns ns *** 
  
RR x N x D ns ns ns ns ns 
  
T x N x D ns ns ns ns ns 
  
RR x T x N x D ns ns ns ns ns 
  
 
SOC, soil organic carbon; ρb, bulk density; PR, penetration resistance; WAS, water aggregate 
stability. 
ns, not significant; §, significant at p≤0.10; *, significant at p≤0.05;**, significant at p≤0.01; ***,  
significant at p≤0.001. 
